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A limited study was conducted of the use of strainrange partitioning for predicting the thermal 
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ultrahigh vacuum. This behavior was attributed to the drastic decrease in ductility with decreasing temperature 
for this alloy. These results indicated that the prediction of the thermal -mechanical fatigue life of Rene' HO by 
the method of strainrange partitioning may be improved if (vised on the four basic fatigue life relationships 
determined at a lower temperature in the thermal-mechanical strain cycle. 
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I INTKOIHVTION 


Many i*r it ical engineering components, particularly those in gas turbine engines, 
are subjected to complex thermal and mechanical cycling during oporntion. I'ho ability 
to predict the fatigue life utuler these conditions is necessary for the efficient, stile, 
and economical operation of these components. I'his is a iliffieult problem because it 
involves interactions between creep and f atigue. which are very complex (1,1*1. 
Considerable research has been conducted in this area in the past two decades and this 
has resulted in a number of methods of estimating the fatigue life of engineering 
materials under thermal mechanical strain cycling (1,3 *.’). 

One of the most promising approaches to the prediction of thermal mechanical 
fatigue lit’*' of materials is the method of strainrango partitioning (9 13). In this 
technique, th«' inelastic stramrange in the cycle is divided i do four basic components 
according to whether the strain is tensile or compressive, and time independent (i.e, 
plastic) or time dependent U.e., creep). I’hose four partitioned inelastic strainrnnges 
are defined as follows: 






tensile plastic strain reversed b\ compressive plastic strain, 
tensile plastic strain reversed by compressive creep strain, 
tensile creep strain reversed by compressive plastic strain, 
tensile creep strain reversed by compressive creep strain. 


Relationships between enen of these four basic types of inelastic stramrange and 
fatigue life are determine*! experimentally for the material, temperatures, and 
environment under consideration by conducting certain types ol low cycle tatigue tests 
designed to separate the four basic typos ol inelastic dolormation. Ihc thermal 
mechanical strain cycle utuler consideration is partitioned into its four basic inelastic 
stramrange components (some of which may be /.or*'), and the partition*'*! inelastic 
strainrango fractions are calculated from the relations. 
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where A* is the total inelastic stramrange in the thermal mechanical strain cycle. 
I'yelic liveil lv N . N <( N , . and N , corresponding to the IT. IV, i'P and iV types of 
inelastic dot* Wnatloh, respect ive l l$'. are determined from the four experimentally 
obtained partitioned inelastic stramrange fatigue life relationships at a stramrange 
equal to th»' total inelastic stramrange (At ' in the thermal mechanical cycle. I'ho 
predicted thermal mechanical fatigue life Vs then calculated from the interaction 
damage rule. 
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whore N is the predicted fatigue life. 

The purposo of this program was to evaluate the applicability of the method of 
stra inrange partitioning to thermal-mechanical fatigue of Reno' SO, a nickel base 
superalloy. The four basic partitioned inelastic strainrange-fatigue life relationships for 
this alloy in both the uncoated a^ul aluminide coated conditions at temperatures of 
87 1 V (UiOO°F) and 1000°C (I8:12°F) in an ultrahigh vacuum had been determined in a 
previous program under N ASA Contract N \S 3- 1 7 830 (14). Little difference was found 
between the life relationships for the uncoated and coated conditions and between the 
life relationships obtained at the two temperatures. However, the type of inelastic 
deformation strongly affected the life relationships. For a given partitioned inelastic 
strainrange. fatigue life decreased in the order PP, Cl', CP and PC, with about an order 
of magnitude separating the longest (PP) and shortest (PC) cyclic lives. Flic objective 
of the present study was to determine whether the fatigue life of Rene’ SO subjected to 
a complex thermal-mechanical cycle can he predicted from these four basic fatigue life 
relationships using the method of strainrange partitioning. 


II I API KIM IN I \l PKOi'ini'KI 


\. Material Mini Spooimons 

Pile material and specimens usocl in tins study were the same ms those list'd to 
determine tlu* four hasie partitioned inelnslie strnmrnnge fat igue life relationships in 
tlu' previous program (I W Phe Hone' SO immIitimI whs obtained from PIIW master lu'Mt 
HI <1 ;»S. whoso chemical oom|H>sition is prosonlotl m 1’nhle l. Puhulnr, hourglass 
slmpt'tl specimens with tliri ded I'tnls wore individually oust ms solid roinul luirs Mini 
iiiMt'liiiit'tl it' tin* configuration shown m Figure I. which is N \s \ drawing i'll .100. 10. 
Only mit't'M tt'tl spt't'i nu'iis wore employed in this program. Prior to finish grinding. the 
specimens were heat t rented ms follows: 


I .’IS'V 


for ’ hours m VMi'imm mnl argon t|iieneht*d to room temperMture. 


liPPt' r t’Oihi'Y) for I hours in vnoinim Mini argon quenched to room tempernture 

Illv/V no.’.*' | l for I hours in vneuum. furiiMee pooled in vneuuin to 0 to 1 r 
tr. , 00 l 'l') within I Inuir. Mini nir cooled to room temperMture Ulus simulates the 
eon tin^ eyele) 

S l.i'V 1 1 fi50' l') for In hours in vneuum Mini furtiMeo eooled it' room tempernture. 
I’lie resulting imerostrueture hml mii \SPM grain si/o of ;t. 


It. In tip, lie tests 

Plus program involved n t »*t it l of I .’ fatigue ti'sts. Seven of these were thermal 
meehnnienl fatigue tests with thermal eyeling m phase tIVIP). I’hese eonsistetl of 
prop, ram nii'ii thermal meehnnienl strain eyeling with temperature inerensutg ns tensile 
mmmI strain inerensed mnl temperature tleereasing as eompressive mmmI strain mereased. 
Ihe other five were pure thermal eyeling with no applied meehnnienl strain or lend. 

Pin' oi|iiipment and procedures usetl for the vneuum fatigue tests m this program 
have Pet'll dt'serihed in detail previously ll.'.lnP briefly. the test apparatus was 
designed to perform completely reversed push pull fatigue tests on hourglass shaped 
speeimens using independently program mahle temperature and strain eontrol. 
Pompom t ure was prt'grammed using a thyratron eontrolleil cl* K\ \r transft'rmer for 
direet resistance heating of the speeimen, while diametral strain was controlled direetly 
using an I \ DT type e\ti*nsometer coupled ti' a programmable, elosod loop, 
eleetrohyilrauhe servosy stem, l'he temperature of the speeimen was measured using 
thermooouplos spt't welded direetly ti' the speeimen siirfaee. I.oad, diameter, and 
temperature were reeorded eontiniK'iisly and load diameter hysteresis loops were 
t'l'ta ineil at periotlie intervals tluring onoli tt'st. 
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Table I 


Chemical Composition of Rene' 80 Material Used for 
Thermal-Mechanical Fatigue tests, Weight Percent 


Element 

TRW Master 
Heat BL 5 1 38 

Nominal 

Composition 

C 

0.17 

0.17 

Si 

<0.05 

- 

Mn 

<0.02 


Cr 

13.80 

14.0 

Mo 

4.11 

4.0 

Fc 

0.13 

- 

Ti 

4.87 

5.0 

A1 

2 . 90 

3.0 

Co 

9.73 

9.5 

vv 

3.94 

4.0 

Zr 

0.043 

0.03 

B 

0.015 

0.015 

Ni 

Balance 

Balance 


Per ASTM Data Series Publication No. DS9F. 
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In the thermal-mechanical fatigue tests, the mechanical strain was cycled linearly 
with time, resulting in a triangular strain-time wave shape. The temperature of he 
specimen was programmed such that the diametral thermal expansion cycled lint . ly 
with time, resulting in a slightly nonlinear variation of temperature with time, as shown 
in Figure 2. This was necessary to keep mechanical strain and temperature in phase, 
because the thermal expansion of this alloy was not linear with temperature, the 
diametral thermal expansion was much greater than the diametral mechanical strain in 
these tests, and the diametral extensometer controlled the algebraic sum of diametral 
thermal expansion and diametral mechanical strain. The temperature was cycled 
between 400*V (752*' F) and llMHrV (1832 F). In the pure thermal cycling tests, i^ie 
temperature was cycled in the same manner, either between 400* O (752 F) and 1000 r 
(1832 r) or between 243*V (470* F) and 843*V (1550°F). both the thermal-mechanical 
and the pure thermal cycling tests were conducted with a 12-minute cycle, resulting in 
a cyclic frequency of 0.0U14 h/ \ll of the fatigue tests were performed in an ultrahigh 
vacuum of 10 ‘ torr or less to eliminate environmental effects. Fatigue failure was 
defined in all eases as complete separation of the specimen into two pieces. 

1'he step-stress method (13,17) of experimentally separating the total inelastic 
strainrange into plastic and creep components was utilized in the thermal-mechanical 
fatigue tests. In this technique, the component of steady-state creep for the entire 
period of the time interval considered is taken as the "creep" strain for use in the 
strainrange partitioning analysis. Ml of the remaining inelastic strain, whether 
instantaneous or occurring as first stage (primary) creep, is taken to be "plastic" strain, 
flic temperature and strain programmers are temporarily halted at a selected point on 
the stabilized load (stress) - diameter (strain) hysteresis loop, the servoeont roller is 
switched from strain to load control, and the stress and temperature are held constant 
at the stabilized values associated with the selected point while the creep strain is 
measured as a function of time. I’his condition is maintained until a reasonably linear 
creep rate is established, l'his is taken as an approximation to the steady-state creep 
condition. I'he servocontroller i> then switched back to strain control and the strain and 
temperature programs are resumed, l'lus procedure is repeated at a series of selected 
points around the stabilized hysteresis loop. Before stopping at each step-stress level, 
the hysteresis loop is restabilized by traversing one or more cycles until the loop 
repeats the path of the previous loops. \ plot of the steady-state creep rate versus 
time within the thermal mechanical cycle corresponding to each selected step-stress 
point is then constructed. 1'he amounts of tensile and compressive creep strain are 
determined by integrating the areas under the resulting curves, with areas above the 
horizontal (time) axis representing tensile creep and areas below the horizontal axis 
representing compressive creep. 
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Temperature 


Mechanical AD 



Figure 2. Schematic illustration of temperature-time and diametral displacement (A D)- time 
wave shapes (in-phase shown). 


111. RESULTS AND DISCUSSION 


The fatigue test results are presented in Table 2. The axial inelastic strainrange 
was determined as follows. The width of a representative (approximately half-life) 
load-diameter hysteresis loop was measured at the zero-load level and converted to 
gross diametral displacement by multiplying by the horizontal scale factor for the X-Y 
recorder and the calibration factor for the diametral extensometer. This product was 
divided by the outside diameter of the specimen to obtain gross diametral strain. Since 
both the diametral thermal expansion and the diametral mechanical strain varied 
linearly with time within the thermal-mechanical cycle, thermal expansion was 
eliminated from the gross diametral strain by multiplying the latter by the ratio of the 
mechanical strain control setting to the gross strain control setting. This product was 
the diametral inelastic strainrange, w lieh was then multiplied by -2 to obtain the axial 
inelastic stn nrange. For example, for test number 7: 

(1) width of representative load-diameter hysteresis loop at zero load = 

W = 0.079 m. (3.1 in.) 

(2) horizontal scale factor for X-Y recorder = 

= 394 mv /m. (10.0 mv./in.) 

(3) calibration factor for diametral extensometer 

F.. = 1.47 x 10 *’ m./mv. (58 x 10 ** in/mv.) 

E 

(4) gross diametral displacement = 

D = (W)(F x )(F p ) 

= (0.079 m.) (394 mv./in.) (1 .47 x 10 *’ m./mv.) 

= (3.1 in.) (It) mv./in.) (58 x It) in./mv ) 

= 0.1)000458 m. (0 00180 in.) 


(5) outside diameter of specimen 
D q = 0.0114 m. (0.449 in.) 
(0) gross diametral strain - 


(7) 

( 8 ) 


a. . Al) 0.0000458 m. 0.00180 in. 

4C sro " TT - 0.0114 m. = 0.440 in. 


mechanical strain control setting = -2.5 mv. 
thermal expansion control setting 96.0 mv. 


0.004002 
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Test 

Number 

Specimen 

Number 

Test 

- 7 VpC 

1 

REE-231 

TCIP 

2 

REE-232 

TCIP 

3 

KEE-233 

TCIP 

4 

REE-234 

TCIP 

5 

REE-235 

TCIP 

6 

REE-236 

TCIP 

7 

REE-238 

TCIP 

6 

REE-239 

Pure 

Thermal 

9 

REE-240 

Pure 

Thermal 

10 

REE-228 

Pure 

Thermal 

11 

REE-230 

Pure 

Thermal 

12 

REE-242 

Pure 

Thermal 



0.00510 
0 . 00535 
0.00596 
0.00493 
0.00437 
0 

0 

0 

0 

0 


0.00457 

0.00482 

0.00511 

0.00447 

0.00416 

0 

0 


0.00053 

0.00053 

0.00085 

0.00046 

0.00021 


193 
1 54 
224 
129 
161 
0 

0 


28.0 

22.4 

32.5 
18.7 
23.3 

0 


611 

708 

672 

676 

576 

0 


0 0 


0 0 


0 0 


88 

102 

97, 

98.0 

83.5 


5 


1 

4 

95 

43 

45 


61 

158 


Remarks 

Stra inrange too high 
Strainrange too high 
Power interrupted 
Equipment melfunetioned 
Insufficient creep data 
insufficient creep data 

400 to 1 000°C cycle; power 
interrupted after 12 cycles 

400 to 1000°C cycle ■ ^ 

after 1 260 cycles ^ ^ 

243 to 843°C cycle; equipment 
malfunctioned after 245 cycles 


(9) gross strain control setting * 

-2.S mv. ♦ 96.0 mv c 93.5 mv. 

UOt diametral inelastic stn..nrange * 

Ac diam. inel. ■ ( Ac gross) 

• ,tt£Z ,0 00 < 0021 

■ -0.000107 

(III axial inelastic strainrange ■ 

Ac axial Inel. ■ (-2) ( Ac diam. inel.) 

■ 4 - ?> (-0.000107) 

a 0.00021 

I'he ssial elastic strain! ii<e was calculated bv adding the peak tensile elastic strain and 
Oc pMrii wmprwdtn elastic strain. The former was obtained by dividing the peak 
l w|l H fjy m o du ll * of elasticity at the maximum temperature in the cycle. 
I6W C tlllf^pY, while the latter was obtained by dividing the peak compressive stress 
by t»e ■« aim is of ela* t«cit > at the minimum temperature in the cycle. 40(rC (752°F). 
for example, for teat number Ti 

til peak trmitr straws * 

O % a 161 l| Pa 123.3 k%i) 

(II waduhn of elasticity at I000°r * 

*1000 • 144.000 MPa (20.900 kail 

(SI peaO tamilr Has tie strmn * 

*1 161 MPa 

*1 • • m.*6TVffa 

(4) peak e am p re. n ee .trows a 

• 176 MPa (63.3 kail 


23.3 ksi 
M.toO ksi 


0.00111 
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(5) modulus of elasticity at 400°C = 


B 


400 


189.000 MPa (27.400 ksi) 


(8) peak compressive elastic strain 

o 

t 


c _ 570 MPa _ 8.1.5 ksl 

o te 400 2?, 400 ksl 


= 0.00.105 


(7) axial elastic strainrange 

Ae <-i ' t ' V 


0.00111 « 0.00305 


0.00410 


The axial total strainrange was simply the sum of the axial elastic strainrange and the 
axial inelastic strainrange. 

The fatigue lives for the three completed thermal-mechanical fatigue tests 
(numbers 5, 0, and 7) are plotted as a function of axial inelastic strainrange in Figure 1. 
along with the four basic partitioned inelastic strainrange-fatigue life relationships 
established previously for this alloy at 871 C (1000 F) and I000°C (1832°F) (14). 
According to the method of strainrange partitioning, the highest (PP) and lowest (PC) 
lines representing these basic fatigue life relationships provide upper and lower bounds, 
respectively, on fatigue life. This means that, for a given inelastic strainrange. the 
longest possible fatigue life would result from a strain cycle in which dm inelastic 
strain consists entirely of (lie PP type, while (he shortest possible fatigue life would 
result from a strain cycle in which (he inelastic strain consists entirely of the PC type. 
A complex strain cycle in which the inelastic strain consists of a combination of two or 
three of the four basic types of inelastic deformation (both PC ami CP types cannot 
occur in a given cycle) would result in a fatigue life somewhere between those 
represented by the PP and PC lines Thus, if the thermal mechanical fatigue life of 
Hone’ 80 can be predicted from these four basic fatigue life relationships using the 
method of strainrange partitioning, the thermal mechanical fatigue data should be 
bounded by the PP and PC lines. However, the fatigue lives for the three completed 
thermal mechanical fatigue tests were considerably shorter than those represented by 
the lower bounding PC line at the same levels of inelastic strainrange. This suggests 
that Hie four basic fatigue life relationships for Hone’ 80 at 87l'c (lOOO'V) and 1000° C 
(18.12 F) may not be appropriate for using the method of strainrange |>artitioning to 
predict Hie thermal mechanical fatigue life of this alloy cycled between 400'V (752°F) 
and l Olio' C (1812' F). The reason for this anomaly was investigated. 


1 1 


Basic Life Relationships at 871 and 1000°C 
Thermal-Mechanical Fatigue Tests at 400-1000°C 



Figure 3. 


Comparison of thermal-mechanical fatigue test results with r K 

stra inrange-fatigue life relationships for Rene’ 80. ' ^ h ,our Partitioned inelastic 



lit order to determine whether the thermal cycling alone whs very damaging to 
Hus alloy, |tun* thermal cycling tests were eoiuluetcil. lit one of I lti*si» tests (number t*l, 
the specimen whs tlterniHlIy eyeleil over the siyue temperature rai^e as tlu^t employed 
in the thermHl meolmmoHl fatigue tests, 400* 1' (7f*2* f) to 1000* r 1 1 Hit? II, mul no 
fm lu re iveurretl in l.'OO eyeles. \nother j»m*i* thermal cycling test (flintier 1^1 wits 
oomlueteil over the tem|*erature range front 24it* i’ (470* If to Sl.t'r (lf«f«0 I'l to 
determine whether thernml cycling nt lower temperatures, Imt with the same 
temperature vnruition hs that used in the thernml nteelinnieiil fatigue tests. 000 l* 
(1110* Ft, would he damaging to this ulloy. In tins tost, no failure occurred in 1007 
eyeles. Hot It of these specimens were then tensile tested hi room temperature to 
determine whether the thernml cycling Imd nffeeted the mechanical properties. These 
results lire presented in I'nhle ;t. In both speeimens, t lu* ultinmte tensile strength mid 
tin* diietility, hs indiented h\ the reduet ton of ureii, were mneh lower than the values 
reported previously for Kene' SO at room temperature list. fo estahltsh whether the 
original tensile properties of this materml were tspieal of Itene' SO, tensile tests were 
conducted at room temperature and S00* i* ilt«;«0* Ft on speeimens wlueli had not been 
thermally eyeled. \s shown m Tahle it. the ultimate tensile strength at room 
temperature and the reduction of area at both temperatures were inuoli lower than the 
corresponding values reported previously for this alloy US'. However, the room 
temperature tensile properties were about the same as those obtained after thermal 
cycling. Thus, the tensile properties of this materml were not unpaired In the thermal 
cycling, but were lower than normal for Itene' SO. This suggests why the thermal 
mechanical fatigue lives were considerably shorter than would be predicted Irom the 
four basic fatigue life relationships. 

The low cycle fatigue resistance of an alloy generally decreases with decreasing 
ductility (lit). Since the ductility of the Itene' SO material decreased with decreasing 
temperature, the low cycle fatigue life of this material at a given inelastic stra inrange 
would be expected to decrease with decreasing temperature. This would shift the four 
basic fatigue life relationships for this material to lower levels of inelastic strainrange 
and or fatigue life at lower temperatures (201. Since the thermal mechanical fatten* 
test>. ( m the present st^dy were conducted over the temperature range from 100 i* 
l7f»2*’|'l to 1000* r l IS. 1 2* I'l, tin* thermal mechanical fatigue life was probably greatly 
affected by the lower temperatures in this range. The ductility of certain nickel base 
superalloys such as Kene' SO can also be reduced by prolonged exposure to elevated 
temperature because of time dependent microstructural changes (211, tuuf this 
degradation could be accelerated by thermal cycling. The decrease in ductility with 
decreasing temperature suggests that the prediction of the thermal mechanical fatigue 
life of Kene' SO by the method of strainrange partitioning may be improved if based on 
the four basic fatigue life relationships determined at a lower temperature m the 
thermal mechanical strain cycle. 


Table 3 


Test 

Specimen Temperature 
Number 


Tensile Properties of Rene’ 80 

Yield Strength Ultimate 

- 1 () 2 ' , ' , Q(fsct Tensile Strength 

OH EET UN iJ[ - 

Tensile Test Result* 


Reduction 
of Area 
% 


Notes 


REE-240 

25 

77 












820 

119 

3.4 

After 1 

REE-242 

25 

77 

- 

- 

786 

114 

3.1 

cycles. 
After 11 

REE-237 

25 

77 

689 

100 

731 

106 

1.2 

cycles. 

REE-241 

25 

77 

820 

119 

869 

126 

3.1 


REE-247 

899 

1650 













— 

11.7 

Air test 

REE-249 

899 

1650 

336 

48.8 

717 

104 

2.6 

n n 

REE-209 

1000 

1832 

266 

38.6 

425 

61.6 

35.4 

n tt 

REE-244 

1000 

1832 












415 

60.2 

31.3 





Previously Reported 

Properties 





21 

70 

821 

119 

996 

144 

6.2 

Ref. 18 


850 

1562 

538 

78.0 

683 

99.0 

29.4 

Ref. 18 


925 

1697 

359 

52.0 

509 

73.9 

33.2 

Ref. 18 

' 

1000 

1832 

230 

33.3 

333 

48.3 

32.7 

Ref. 18 


1 thermal 
M000°C 

thermal 

_o 
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\ limited study was conducted of tin* use of strainrange partitioning as m method 
of prediction the fatigue life of cast nickel I vise superalloy Itene' SO muter eomhined 
thermal and meelv.nieal strain cycling. Hie four basic partitioned inelastic strainrange 
fatigue life relationships fyr this alloy had been established previously at 87 1 f 
(1600* T) and 1000* C tlSit'.’ 1 I t m an ultrahigh vacuum. I'hermal mechanical fatigue 
tests were coinlucted on Hone' SO specimens in an ultrahigh vacuum using thermal 
cycling m phase tIVIlM between I IM» r (752*1’) and 1000* C (1832* F). I’he thermal 
mechanical fatigue lives were considerably shorter than those represented by the lower 
hound of the four basic fatigue life relationships, suggesting that those particular four 
relationship, max not be appropriate for using the method of strainrange partitioning to 
predict the fatigue life of this alloy under thermal mechanical cycling over this 
temperature range. Hiis anomaly was attributed to a decrease in ductility with 
decreasing temperature for this alloy, since low cycle fatigue resistance generally 
decreases with decreasing ductility. The results indicated that the prediction of the 
thermal mechanical fatigue life of Hone' SO by the method of strainrange partitioning 
may be improved if based on the four basic fatigue life relationships determined at a 
lower temperature in the thermal mechanical strain cycle. 


15 


V REFERENCES 


1. S. S. Manson, "Interfaces Met ween Fatigue, Creep, and Fracture," Inti, Journal of 
Fracture Mechanics, Vol. 2, March 191*1*. pp. 327-363. 

2. K. H. Ellison, "A Review of the Interaction of Creep and Fatigue," .lournal of 
Mech. Eng. Science , Vol. II, June 1969, pp. 318-339. 

3. S. Taira, "Lifetime of Structures Subjected to Varying Load and Temperature," 
Creep in Structures . N. J. Hoff, ed.. Springer Verlag, Berlin, 1962, pp. 96-119. 

4. S. S. Manson and D. A. Spera, Discussion of "low-Cycle Fatigue Damage of 
I'dimct 700 at UlHrF," by C. II. Wells and C. I*. Sullivan. ASM Trans. Quart. . Vol. 
58, 1965, pp. 749-751. 

5. S. S. Manson and 0. R. Halford, " A Method of Estimating High- Temperature Low- 
Cycle Fatigue Behaviour of Materials," Thermal and High Strain Fatigue . The 
Metals and Metallurgy Trust. London, 1967, pp. 154-170. 

6. |). A. Spera. "A Linear Creep Damage Theory for Thermal Fatigue of Materials," 
I’li. I>. Thesis, University of Wisconsin, 1968. 

7. L. F. Coffin. "Predictive Parameters and Their Application to High-Temperature 
Low-Cycle Fatigue," Fracture 1969 , Chapman and Hall. London, 1969, pp.643-654. 

8. .1. it. Ellis and K. F. Fs/tergar, "Considerations of Creep- Fatigue Interaction in 
Design Analysis," Symposium on I >esign for Elevated Temperature Environment . 
American Society of Mechanical Engineers, New York. 1071, pp. -TirTT 

9. S. S. Manson, 15. R. Halford, and M. II. Ilirsehherg, "Creep- Fatigue Analysis by 
Strain-Range Partitioning," Symposium on Design for I leva ted Teniperatii'v 
Environment, American Society of Mechanical Engineers, New York, 1971, pp. 

VFTT. 

10. G. R. Halford, M. II. Ilirschberg. and S. S. Manson, "Temperature Effects on the 
Strainrange Partitioning Approach for Creep Fatigue Analysis," latigue at 
Elevated Temperatures . AS I'M S I P 5.MI . American Society for Testing and 
Materials, Philadelphia, 1973, pp. 658-669. 

11. S. S. Manson. "The Challenge to Unify Treatment of High Temperature Fatigue-A 
Partisan Proposal Based on Strainrange Partitioning," Fatigue at Elevated 
Temperatures, AS I’M S I P 520, American Society for Testing and Materials, 
Philadelphia, 1 973, pp. 744-782. 

12. M. H. Ilirschberg and G. R. Halford, "Use of Strainrange Partitioning to Predict 
High-Temperature low Cycle Fatigue Life," NASA Technical Note No. D-89.2, 
January 1976. 


16 


13. 11, R. I Im I lord and S. S. Munson, "Lift* Prediction of Thermal- Mechanical Fatigue 
Using Strainrange Partitioning," Thermal Fatigue of Materials nnd Components, 
AS I'M S l'P 012 , l>. A. Sixth mid P. F. Mownray, cds., American Society for 
Testing mid Materials, Philadelphia, I t*7i». pp. 239-254. 

14. C. S. Kortovieh, "Ultra high Vacuum, High Temperature, low Cycle Fatigue of 
Coated and ll neon ted Rene' 80," N \S A Kefwrt No. NAS Clt 135003, I'HtV Report 
No. FR -78111. April 1070. 

15. K. 1>. Sheffler and (1. S. Doble, "Influence of Creep Damage on the Iajw Cycle 
Ihermal-Meehanieal Fatigue Hchavior of Fwo lantaliim Rase Alloys," NASA 
Report No. NAS-CR 121001, I'RW Report No. I R 7592, May I. 1972. 

10. K. D. Sheffler and tl. S. Dohle, "Thermal Fatigue Hchavior of Fill and AST Alt 
81 1C in IHtralugh Vacuum," Fatigue at I leva t ed lyimxTnt tires . AS I’M SIT 320 . 
\menean Society for lesting and Materials, Philadelphia, ■nrrrpp. rcrm — 

17. S. S. Malison, U. It. Halford, and A. .1. Naehtigall, "Separation of the Strain 

Components for Use in Strainrange Partitioning." Advances m Design for Flevated 
Femperature Fnvironinent. \mencan Society of Mechanical Fngineers, New York, 
I97T.PP. 1 7 ± 

18. I . ,1. Frit/ and W. P. Roster, "Tensile and Creep Rupture Properties of (10) 
Uncoated and 12) Coated Fnginccring \lloys at Flevated I'emperatures," N \S \ 
Report No. NAS CR 135138, Metcut Research Xssociates Report No. 931 21300, 
January 15, 1977. 

19. S. S. Manson, "Fatigue: \ Complex Subject Some Simple Approximations," 
I xpen mental Mechanics . Vol. 5. No. 7. July 1905, pp. 193 220. 

20. Ci. R. Halford, J. F. Saltsmon, and M. II. Ilirschherg, "Ductility Normalized 
Strainrange Partitioning Fife Relations for Creep Fatigue Fife Predictions." 
Proceedings of Conference. Fnvironmcntal Degradation ol Fngmoonng Materials . 
M. R. l.outhmi, Jr., and ft P. McNilt, eds.. Collegi of Fngineering, Virginia Tech. 
Hlackshurg. Virginia. 1977, pp 599 612. 

21. W. II. Chang, "Tensile Fmhritt lenient of lurhme Hlade Alloys \fter High 
I'einperature Fxposuro," Suneralloys Processing . Prooeedmgs of the Second 
Internal ipiihI Conference . Metals am) Ceramics Informal ion ('enter, Hat telle 
Columbus Fahoratones. ("'olumhus. Ohio. 1972. 


t 


17 



7-8144 


DISTRIBUTION UST 


Techn Info Ctr 
A EG 

General Electric Co 
Cincinnati, OH 45215 


Braden, f C 
(lech Prop Data Ctr 
Belfour Stulen Div 
13919 w Bay Shore Dr 
Traverse City, HI 4958* 


Technical Library 
Haailton Standard 
Div of United Tech Corp 
Windsor Locks, CT 06096 


Library 

Detroit Diesel Allison 
J40 white Cover Pkwy 
Indianapolis, IN <6206 


Schaefer, k 0 
H P C 

United Engineering Center 
365 E 4 7th St 

Nee (ork. NT IC0 17 


Technical Library 
SKP Industries 
1100 First Ave 
king of Prussia, PA 19406 


Library 

Denver Research Institute 
University Park 
Denver, CO 80210 


Technical Library 
Sargent C Lundy 
Roon 27P48 
55 E Conroe St 
Chicago, XL 60603 


P 60 Library 

Huntington Alloy Prod Div 
International Nickel 
Huntington, wv 25720 


CC 

'K & 

£ 

' Z. 

'•£ > 


> 

© 


- C* 5 



Technical Library 
HcDonne 11-Douglas Corp 
Hissiles 6 Space Div 
5301 Bolsa Ave 
Huntington Beach CA 92647 


Technical Library 
Sandia Corp 
Albuquergue, NH 87115 


Technical Library 
5 t 

1000 western Ave 
Lynn, CA C1905 


Technical Library 
Rockwell Int'l 
6613 Canoga Ave 
Canoga Pk , CA 91304 


Technical Library 
AVro-Space Systeas Div 
Loeell Industrial Pk 
Lowell, CA 01851 


Technical Library 
AR6TL 

Fort Eustis, »A 23604 


Technical Library 
Northrop Corp 
Aircraft Div 
3901 west Broadway 
Hawthorne, CA 90250 


Technical Library 
Beech Aircraft 
Wichita. NS 67201 


Technical Library 
Solar 

Die of Int'l Harvester 
2200 Pacific Hwy 
San Diego, CA 92101 


Technical Library 
Foster wheeler Corp 
12 Teach Tree Hill Rd 
Livingston, NJ 07039 


fe.hnical Library 
Boe ing 

3601 S Oliver 
Wichita, NS 67210 


Library - Tech Ctr 
Fisher Controls Co 
205 S Center St 
Harshalltown, I» 50158 


Library 

Southern Research Inst. 
2000 Ninth Ave South 
Birelaghaa, AL 35205 


Aerojet Liquid Socket Ctr 
Tech Info Ctr 7362 
c/o R Duncan 
Boi 1322 

Sacrasento, CA 95813 


Technical Library 
Lock heed -Cal If or ala 

Burbank, CA 91503 


Technical Library 
Phtlco-Ford Corp 
Ford Road 

Newport Beach, CA 92663 


Technical Library 
Douqlas Aircraft Co 
3852 Lakewood Blvd 
Long Beach, CA 90801 


Technical Library 
General Atoelc 

Boa 1259 

Norristown, NJ 07960 


Technical library 
Southwest ResearcL 
6500 Culebra rd 
San Antonio, TI 78264 



>-<*4 


Defens* Doc jaentation Ctr 
Caaeron Station 
5010 D-jke St 
A leianl na, v 2231* 


Tech Info Service (3) 
DOE 
30* 62 

Oak Fid)*, T# 


Library - Acquisitions 
NASA - JPL 
#900 Oak Grove Dr 
Pasadena, C» 91102 


Technical Library 
* PHL/L* 9 
8PAPE. OH 45»JJ 


Technology Utiliiation 
NAS* ns 1-19 
Levis Research Ctr 
Cleveland, OH ##135 


Library HS-195 

MAS A 

Lar.tjley research Ctr 
Langley field, VA 23365 


LI brary 

r»s A 

Goddard Space flight Ctr 
Greenbelt, HD 20771 


research Library 

United Tech Corp 
*00 sain St 
f Hartford, CT C6109 


Peport Control Office 
MAS* ns 5-5 
Levis research ctr 
Cleveland. OH *#135 


A5TS Contracts Sect AP6TL Office 

NASA IS S^O-IH ps 77-5 

Levis Research Ctr NASA Levis research Ctr 

Cleveland, OH ##115 Cleveland, OH efcil* 


ncic 

Battelle neeonal Inst 
505 kin) Ave 
Col'iabus, OH *3201 


Tec* Reports Library <3| 
0 O E 

hash my ton, DC 


Tech Library / J *6 
HA Si 

Banned Spacecraft Ctr 
Houston, T I 77C59 


Library ns 202-3 

HAS* 

Aaes Pasearch Ctr 
Hoffett PI el d. CA 9«0 35 


Library 
G E Co 

Bo* 9 

Schenectady, «T L2301 


Library (2) 

VISA US ‘0-1 
Levis Research Ctr 
Cleveland, on *aiiS 


Library 

NASA 

larsnali Space fli)nt Ctr 
Huntsville, AL 35612 


Library 

NASA 

Pliqat Research Ctr 
P 0 3o* 271 
Edvards, Ci 93521 


Library 
PC Ml 

United Tech Corp 
* Pale Beach, PL 33*02 


Patent Council 
NASA HS 500-311 
Levis Fesearch Ctr 
Cleveland, OH **115 


A PSC Liaison Office 
HS 5C1-3 

VASA Levis Research Ctr 
Cleveland, OH *«135 


'lalfo ri, r r Par y P (?5) 
r*S *0-1, »'AS*-L* ;i s 

21 m °rookna^ 
ClavelanJ, OH **155 


A.i.n\.io .it i'H ao 

i1 .iDVtl 1VNI01MO 


